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Abstract 
 The geometry, energetics and dipole moment of the most stable conformers of cytosine in the ground 
state were calculated at different density functional methods, namely,  B3LYP, M06-2X, ωB97-D and 
PEBPEB methods and the 6-311++G(3df,3pd)  basis set. The most stable conformer, the keto-amino 
conformer is only 1 Kcal/mol more stable than the imino-enol form.  The ultrafast radiationless decay 
mechanism has been theoretically investigated using Complete Active Space Multiconfiguration SCF 
calculation. The conical intersection seam  was  searched in the full dimensional space for the 
vibrational degrees of freedom.  A new conical intersection has been identified, a semi-planar conical 
intersection (SPCI) with main deformations inside the cytosine ring and C=O bond.  The g-vector and 
h-vector for the semi-planar conical intersection were calculated and discussed along with their 
geometrical parameters. A classical trajectory dynamic simulation has been performed to characterize 
and identify the evolution of geometry and energy changes of the SPCI with time.  
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1. Introduction 
Ultrafast internal conversion (IC) from an upper electronic state (S1) to the ground electronic state 
(S0) though a conical intersection (CI), can play an essential role in the initial steps of the 
decomposition of energetic materials. Such nonradiative processes following electronic excitation can 
quench emission and store the excitation energy in the vibrational degrees of freedom of the ground 
electronic state.  The ability of DNA and RNA to absorb ultraviolet light without significant reaction 
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 or fluorescence is a property that is vital for life.[1] with excited-state lifetime  in the picoseconds time 
scale at values from 1 to 3 ps.[2]  
It has been proposed that  nucleobases, when excited by UV light, rapidly funnel their excited-state 
population to the ground state through conical intersections between the first excited singlet state, S1, 
and the ground state surface, S0.[1,3-7]   
Two possible decay mechanisms from S1 to S0 were proposed through two conical intersections 
the so-called “sofa” and “twist”[8-11,12]. Although, the literature contains several attempt to locate 
and identify the CI’s in the cytosine radiationless decay, yet the problem is far from being solved. This 
is simply because, CIs are not isolated points but rather 3N-8 dimensional seams (N is number of 
atoms). Therefore, it seems necessary to explore wider range of geometries within the CI seams and 
examine which part of the seam is more accessible. The present study aims to contribute to the 
understanding of the ultrafast radiaionless decay of cytosine.    To achieve this goal, the three most 
stable tautomers of cytosine will be first examined and the possibility of contributing to the ultrafast 
decay will be discussed. Second, this paper reports preliminary results for a new conical intersection 
that has a smaller deformation in geometry relative to the already reported conical intersections.  
Classical trajectory dynamics simulation and charge density analysis will be carried out for the 
proposed CI. 
 
2.  Computational details 
2.1. Ground state geometry optimization 
  All geometry optimizations, and vibrational frequency calculations were carried out using the 
Gaussian 09 software package.[13] No symmetry constrains were applied during the geometry 
optimization. Different density functional methods namely, B3LYP[14], M06-2x[15], ωB97-D[16] and 
PEP[17] methods, are used. The triple zeta Gaussian basis set 6-311++G(2df,2p)[18] is employed.  
Classical trajectory dynamic simulations [19] have been performed using the Atom Centered 
Density Matrix Propagation (ADMP) molecular dynamics model [20].  In this approach, in order to 
account for all the degrees of freedom of the system, the dynamics involve classical trajectories for the 
nuclei, in combination with DFT quantum calculations for the electrons.  
 
2.2. Conical intersection 
Complete Active Space Multi-configuration SCF (CASSCF)[21] level of theory with the 6-
311++G** basis set[18] were used to calculate the energies of electronic states and to optimize the 
geometrical structures of the conical intersections between two states. The CASSCF active space for 
cytosine include 4 occupied molecular orbitals (two π and two lone pairs) and 5 unoccupied molecular 
orbitals (three π* and two σ*).   
 
3. Results and discussions  
    3.1 Geometry and tautomeric forms 
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It has been experimentally established that cytosine exists as three stable tautomers [22-24] which 
are illustrated in Scheme 1. 
 
 
Scheme 1: The experimentally confirmed stable tautomers and rotomers of cytosine. 
 
Forms (a) and (b) , are rotomers for the  imino-keto tautomer , (e) and (f) are rotomers for the 
amino-enol tautomer, whereas (c) is the amino-keto tautomer.  Conformer (a) seems to be the least 
stable by 3.55 Kcal/mol followed by conformer (b) by 2.32 Kcal/mol relative to conformer c, the most 
stable conformer. Conformers e and f are predicted to be slightly less stable by all the DFT methods 
employed except the M06-2x method which predicted both e and f to be more stable with e as the 
global minimum.  Table 1 presents the relative energies of the three most stable conformers computed 
at different levels of theory. 
 
Table 1: Relative energies of the three most stable conformers of cytosine computed using the 6-311++G**   
                     basis set at different levels of theory. 
Conformer B3LYP M06-2X ωB97-D PBEh1PBE 
c 0.000 0.00 0.00 0.00 
e 1.805 -0.52774 1.60269 2.58249 
f 1.088 -1.32367 0.78789 1.76082 
 
The fact that c is predicted to be the most stable form is in agreement with the recent theoretical 
calculations. However, the fact that conformers e and f are so close in energy would suggest the 
possibility that these conformations may play a role in the mechanism of photodissociation of cytosine.   
3.2 Radiationless decay pathways 
In case of cytosine the previously reported data [8-11] focus on two possible direct pathways via 
two conical intersections the called “sofa” and “twist” and reported almost the same energy barrier of 
0.14 eV,  to access them.[8] This in fact doesn’t explain the existence of more than one life time for the 
excited state.  In the present work, a CASSCF computation of the potential energy surfaces of the low 
laying ππ* excited state have been launched.  We located, identified and localized both the “sofa” and 
the ”twist” conical intersections previously reported. The energy of the sofa and twist conical 
intersections are 4.23 eV and 4.08 eV respectively relative to cytosine ground state. 
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 Furthermore, our search in the active space has lead to the localization and identification of a third 
conical intersection which has not been reported before.  The geometry of this new conical intersection 
is shown in Figure 1. The new suggested conical intersection has almost planar structure (semi-planar) 
with minimal deviation from the ground state geometry as compared to the sofa or twist ones that may 
suggest that it would be more accessible than the other two already reported conical intersection. The 
energy of semi-planar conical intersection (SPCI) is 3.97 eV relative to conformer c.   
The main deviation in our conical intersection is mainly on the cytosine ring with maximum 
change in bond length C3-N6 and C4-O8. They both suffer marked elongation of 0.2 Ǻ. All bond 
lengths involving H atoms do not show any significant elongations in the  semi-planar conical 
intersection (SPCI) which agree with recently reported Broad-band transient absorption spectroscopy 
that rule out the involvement of excited state proton transfer mechanism for cytosine.    In this SPCI, 
angles and dihedral angles show however, considerable changes as compared to the corresponding 
values in cytosine itself. Thus, the C1-N5-C4 is reduced by 7o, and the N5-C4-N6 is enlarged by 11o.  
The out-of-plane deformation of the cytosine ring in case of the SPCI amounts to 20o.  The above 
discussion and results of the present work indicate that the main deformations in the SPCI is localized 
in the C3-N6-C4(O8)-N5 part of the ring. 
 
 
 Figure 1. The optimized geometry of semi-planar conical intersection between S1 and S0. The   graph 
displays the numbering system, the dipole moment vector and the atomic charges (in   parentheses)  
   
The PES in the vicinity of a point in the CI seam is often characterized by the g and h vectors defined 
before. The g vector, is termed as the energy difference gradient whereas, the h vector represent the 
interstate coupling vector that span the so-called branching plane. The scaled g-vector and h-vector are 
shown in Figure 2.    The dominant components of the  h-vector are on C4-O8 bond which makes the  
movement of this bond  to be the vital key in the formation of this conical intersection. The g-vectors 
are on  C2, C3,C4, N2 and O1 atoms. The g-vector results in degeneracy of state which is vital for 
conical intersection.  
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 Figure 2: The scaled (a) g-vector and (b) h-vector for the semi-planar conical intersection between S1 and 
S0. (c)  Magnitude and direction of forces acting on the atoms of the SPCI structure as obtained 
from the trajectory dynamic   Simulations. 
 
3.3 Dynamic trajectory simulations 
In order to get a much better insight into the geometric features of the SPCI, we have performed a 
classical trajectory calculation to cover the immediate vicinity of this structure. Starting from initial 
positions and velocities of the nuclei, molecular motion is propagated through time via classical 
mechanics, using the electronic energy and forces. These calculations,  provide information about how 
the geometry change and distributed. 
A DFT based Atom Centered Density Matrix Propagation molecular, ADMP, dynamic simulation was 
performed starting at the geometry of the SPCI structure. The DFT-MD simulation was done at the 
B3LYP/6-31+G** level of theory . In the trajectory simulation the temperature is kept constant at 300 
K and the run was submitted for  500 points aiming to explore a conformational time domain of 50 fs. 
of 0.1 fs each.   
Figure 3 summaries the results of the trajectory simulation of the SPCI. It is clear that there is a low 
potential energy barrier around the SPCI. This barrier amounts to only 0.138 Kcal/mol and is attained 
in 1 fs. The SPCI structure then enjoys stabilization and lowering of its energy with a major geometry 
changes involving the cytosine ring and twisting of the H-atoms out-of the plan of the ring.   
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   Figure 3: Some selected results of the trajectory dynamic simulations of SPCI in a 50 fs   time domain.  
 4. Conclusions and Future Work 
   The present study is an attempt to explore the ultrafast photodissociation of cytosine. The three most 
stable tautomeric forms of cytosine seem very close in energy, that a statistical distribution would be 
possible. This would suggest the involvement of the imino-enol form in the photodissocaition process. 
A point which needs further in-depth computation and analysis. Furthermore, the implicit and explicit 
effect of water as a solvent should be carefully considered.  
The present study reports a preliminary identification of a new conical intersection between S1 and S0 
states that has a semi-planar geometry (SPCI). This would suggest a new decay mechanism that we do 
not claim that it will rule out other reported decay mechanisms but compete with them.  Classical 
trajectory dynamics simulation of the SPCI revealed a very low energy barrier followed by a major 
geometry changes involving the cytosine ring and twisting of the H-atoms out-of the plan of the ring. 
Further characterization of the SPCI and detailed vibrational analysis are required. Surface hopping 
dynamics for the imino-enol form will be targeted; results will be compared with that already 
published [25] for the amino-keto form of cytosine. 
  
Exploring the Conical Intersection Seam in Cytosine ... R. Hilal, S. Aziz, S. Elrouby and W. Hassan
1389


5. References  
[1] C. T. Middleton, K. Harpe, C. Su, Y. K. Law,  C. E. Crespo-Hernandez, B. Kohler DNA excited-
state dynamics: from single bases to the double helix Annu Rev. Phys. Chem., ,60(2009), pp.217-239.  
 [2] R. J. Malone, A. M. Miller, B. Kohler Singlet Excited-state Lifetimes of Cytosine Derivatives 
Measured by Femtosecond Transient Absorption Photochem Photobiol, 77(2003), pp.158-164.  
[3] N. Ismail, L. Blancafort, M. Olivucci, B. Kohler, M. Robb Ultrafast Decay of Electronically 
Excited Singlet Cytosine via a π,π* to nO,π* State Switch J. Am. Chem. Soc.,124(2002), pp.6818-
6819. 
[4] M. Mercha´n, L. Serrano-Andre´s Ultrafast Internal Conversion of Excited Cytosine via the Lowest 
ππ* Electronic Singlet State J. Am. Chem. Soc., 125(27) (2003),pp. 8108-8109. 
[5] M. Mercha´n, L. Serrano-Andre´s, M.  Robb, L. Blancafort Triplet-State Formation along the 
Ultrafast Decay of Excited Singlet Cytosine J. Am. Chem. Soc., 127(6), pp.1820-1825.  
[6] M. Z. Zgierski, S. Patchkovskii, E. C. Lim Ab initio study of a biradical radiationless decay 
channel of the lowest excited electronic state of cytosine and its derivatives 
 J. Chem. Phys., 123(2005),pp. 081101-084101. 
[7] L. Blancafort, M. A. Robb Key role of a threefold state crossing in the ultrafast decay of 
electronically excited cytosine J. Phys. Chem., A 108(2004),pp. 10609-10614.  
[8] M. Kotur, T. C. Weinacht, C. Zhou, K. A. Kistler, S. Matsika Distinguishing between relaxation 
pathways by combining dissociative ionization pump probe spectroscopy and ab initio calculations: A 
case study of cytosine J. Chem. Phys., 134(2011),pp. 184309-184310. 
[9] L. Biemann, S. A. Kovalenko, K. Kleinermanns, R. Mahrwald, M. Markert, R. Improta Excited 
State Proton Transfer Is Not Involved in the Ultrafast Deactivation of Guanine–Cytosine Pair in 
Solution J Am. Chem. Soc., 133(49) (2011), pp.19664-19667. 
[10] J.-W Ho, H.-C. Yen, W.-K Chou, C.-N Weng, L.-H Cheng,  H.-Q Shi, S.-H Lai, P.-Y Cheng 
Ultrafast Excited-State Dynamics of Cytosine Tautomers  J. Phys. Chem., A 115(30)(2011),pp. 8406-
8018. 
[11] M. Kotur, T. C. Weinacht, C. Zhou, S. Matsika, Following ultrafast radiationless relaxation 
dynamics with strong field dissociative ionization: A comparison between adenine, uracil, and cytosine 
IEEE Selected topics in quantum Electronics., 18 (2012),pp.187-194. 
[12] A. Domingo, A. Rodríguez-Fortea, C. de Graaf  The Absorption Spectrum of Cytosine 
Tautomers: Beyond the Static Approach J. Chem. Theory. Comput. 8(1) (2012), pp.235-244. [34] H. 
R. Hudock,  T. J. Martinez Excited-State Dynamics of Cytosine Reveal Multiple  Intrinsic 
Subpicosecond Pathways J. ChemPhysChem., 9(2008),pp. 2486-2490.  
[13] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman, G. 
Scalmani, V. Barone, B. Mennucci, G.A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H.P. Hratchian, 
A.F. Izmaylov, J. Bloino, G. Zheng, J.L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. 
Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J.A. Montgomery, Jr., 
J.E. Peralta, F. Ogliaro, M. Bearpark, J.J. Heyd, E. Brothers, K.N. Kudin, V.N. Staroverov, R. 
Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J.C. Burant, S.S. Iyengar, J. Tomasi, M. Cossi, 
N. Rega, J. M. Millam, M. Klene, J.E. Knox, J.B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. 
Gomperts, R.E. Stratmann, O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J.W. Ochterski, R.L. 
Martin, K. Morokuma, V.G. Zakrzewski, G.A. Voth, P. Salvador, J.J. Dannenberg, S. Dapprich, A.D. 
Daniels, O. Farkas, J.B. Foresman, J.V. Ortiz, J. Cioslowski, , D.J. Fox, Gaussian, Inc., Wallingford 
CT, (2009).  
[14] D. Becke, “Density-functional thermochemistry. III. The role of exact exchange,” J. Chem. 
Phys., 98 (1993) 5648-52.  
[15]M. Ernzerhof and J. P. Perdew, “Generalized gradient approximation to the angle- and system-
averaged exchange hole,” J. Chem. Phys., 109 (1998) 
Exploring the Conical Intersection Seam in Cytosine ... R. Hilal, S. Aziz, S. Elrouby and W. Hassan
1390


[16]J.-D. Chai and M. Head-Gordon, “Long-range corrected hybrid density functionals with damped 
atom-atom dispersion corrections,” Phys. Chem. Chem. Phys., 10 (2008) 6615-20. 
[17]Y. Zhao and D. G. Truhlar, “Comparative DFT study of van der Waals complexes: Rare-gas 
dimers, alkaline-earth dimers, zinc dimer, and zinc-rare-gas dimers,” J. Phys. Chem., 110(2006) 5121-
29. 
[18] A. D. Becke A new mixing of Hartree–Fock and local density functional theories J. Chem. Phys. 
98(1993), pp. 1372-1377. 
[19] D. L. Thompson, in Encyclopedia of Computational Chemistry, Ed. P. v. R. Schleyer, N. L. 
Allinger, P. A. Kollman, T. Clark, H. F. Schaefer III, J. Gasteiger, and P. R. Schreiner (Wiley, 
Chichester, (1998), pp. 3056. 
[20] H. B. Schlegel, S. S. Iyengar, X. Li, J. M. Millam, G. A. Voth, G. E. Scuseria, M. J. Frisch Ab 
initio molecular dynamics: Propagating the density matrix with Gaussian orbitals. III. Comparison 
with Born-Oppenheimer dynamics J. Chem. Phys., 117 (2002),pp. 8694-8704. 
[21] J. Tomasi, M. Persico Molecular Interactions in Solution: An Overview of Methods Based on 
Continuous Distributions of the Solvent Chem. Rev., 94(7) (1994), pp. 2027-2094. 
[22] Nowak MJ, Lapinski L, Fulara J (1989) Spectrochim Acta A45:229 
[23] Gould IR, Vincent MA, Hiller IH, Lapinski L, Nowak MJ (1992) Spectrochim Acta A 48:811 
[24]  Jaworski A, Szczepaniak M, Szczepaniak K, Kubulat K, Person WB (1990) J Mol Struct 223:63 
[25] Mario Barbatti, Ade´ lia J. A. Aquino,Jaroslaw J. Szymczak,Dana Nachtigallova and Hans 
Lischka,  Photodynamical simulations of cytosine: characterization of the ultrafast bi-exponential UV 
deactivation,Phys. Chem. Chem. Phys., 2011, 13, 6145–6155 
 
  
 
 
Exploring the Conical Intersection Seam in Cytosine ... R. Hilal, S. Aziz, S. Elrouby and W. Hassan
1391
